The limits of our present knowledge of quantum elect?odynamics, and the motivation for extending that knowledge, are reviewed. Precise measurements of the muon gyromagnetic ratio, and production of wide angle electron and muon pairs in hydrogen by high energy photons and electrons, are discussed as possible experiments which can extend our knowledge of electron, muon, and photon "size" to distances -..0.3 X 10-13 cm.
§1. Introduction and Motivation
Quantum electrodynamics (QED) has given us a highly successful explanation of experiments involving electrons, muons, and photons. No clear cut disagreement between QED and experiment is known, and we will see that the region of demonstrated agreement covers phenomena involving energies E:;SlOO to 600 Mev, or distances R~ 1f---2.0 to 0.33 x 10-13 cm. Naturally it is desirable to extend the boundaries of knowledge to ever smaller distances, and special interest pertains to the verification of QED at distances approaching the nucleon Compton wave length __ n_:___._2 x l0-14 em for several reasons:
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(1) Some physicists feel that familiar concepts such as microscopic cau· sality and point interactions, or even space and time, must be altered at distances smaller than some "fundamental length". In this way the divergence difficulties, which occur in field theory when point interactions are used, might be overcome. In particular one might wish to alter field theory in the neighborhood of the nucleon Compton wave length, for some suggestions that the theory fails at these distances already exist,* and modifications at these distances might be associated with the very existence of elementary particles. These ideas are difficult to prove in meson physics, where we have no reliable technique for obtaining approximate solutions of the field equations at high energies, but can be unambiguously tested with QED. (2) Verifiication of QED at distances smaller than 0.8 X 10-13 em, the distance at which one begins to see deviations from point-interaction QED in electron-nucleon scattering, 2 l would allow us to state with certainty that these deviations are nucleon structure effects. On the other hand, evidence that QED breaks down might reduce the rms nulceon radius required to interpret electron-nucleon scattering, and thereby ease the difficulties of interpretation which have been encountered in nucleon structure.* (3) We may find a clue to the origin of the muon-electron mass difference by experiments that test whether or not muons and electrons obey pointinteraction QED equally well at small distances.
In what follows we review briefly the present limits on our experimental knowledge of QED, and then discuss several experiments which have been proposed and hold good promise of extending our knowledge by an order of magnitude, to distances -0.3 x 10-13 em. § 2.
Summary of Previous Tests of QED
In order to begin the survey of our present knowledge, we first observe that photon propagators wHh four-momentum qv are functions of the covariant quantity** qvqv, while electron or muon propagators with fourmomentum pv and mass m are functions of the covariant (pvpv-m 2 c 4 ) [for simplicity we ignore the dependence on (;J) mc 2 ) , the inclusion of * For example, the observed mass difference MN- Mp=2.53 me is the result of competition between electrostatic repulsion ( -1/ R in leading order) which increases MP, and magnetic terms C-·· '11 R 2 ) which may decrease MP relative to MN. Since MN-Mzc>O, the short range magnetic effects are evidently important, thus limiting the extent to which we can cut off small distance effects. In this way R. P. Feynman and G. Speisman, Phys. Rev. 94 (1954) , 500 found the rms proton '"size S0.4x10-13 em, which is half the radius suggested by electron-proton scattering.ll [See also K. Hiida and M. Sawamura, Prog. Theor. Phys. 18 (1957) The game now is to find the largest d 2 and r 2 allowed by the experimental errors in each known process, and then find the processes which place the greatest restriction on d~, d't, r~, and r~. Here we will mention only the most decisive experiments discussed in the more thorough treatment of Drell.
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The experimental information is of two general types: (a) High energy cross sections can involve large momentum transfers, and therefore small distances, directly. In elastic electron-nucleon scatter- ing ( Fig. 1 ), experiment indicates a deviation from QED at distances
[the r 2 defined above is 1/6 the conventional definition of a mean square radius of a form factor]. This is usually con-sidered to be due to a finite proton radius rv of mesonic origin, but may also reflect a breakdown of Coulomb's law or a finite electron radius. In any event, re::S0.33 x 10-13 cm. These conclusions concerning the electronnucleon interaction are supported by evidence 2 ) from the Lamb shift in hydrogen 3 ) and hyperfine splitting of the ground state of atomic hydrogen. 4 ) (b) Some low frequency measurements can be performed with sufficiently great precision to test small corrections from high energy intermediate states. In particular, recent measurements 5 ) of the muon magnetic moment ( Fig. 2 The comparison yields d~< and r ~<::::;;2 x 10-13 em.
The electron propagator correction Fep is not so easily limited, because the "natural lengths" involved are 'h .......,4 x 10-11 em for electron radiative meC corrections, and the Bohr radius for atomic bound state corrections. In consequence, the effect of a cutoff at nuclear distances depends very much on the sharpness assumed for the cutoff--whether the cutoff has a "tail'' extending out to .......,_~_ and we cannot limit de to nuclear distances by meC any reliable argument. Before proceeding further we should mention several experiments which come to mind easily, but cannot extend our knowledge of QED with existing equipment.
The most obvious experiment of this type is e + e -l> e + e which can be done at present using incident electrons with laboratory energies Eo..._ 1 Bev. Unfortunately it is hard to obtain large center of _mass energies unless a heavy target particle is present to anchor the center of mass relative to the laboratory frame, and the momentum transfer in electronelectron scattering is only ~q ~f(]V(/vl::::::~2m.~c 2 E 0 • Electron-electron scattering with large momentum transfer must await the construction of larger accelerators, or a colliding beam arrangement. Similar comments apply to the processes p+e~p . . +e and r+e~r+e.
Elastic muon-proton scattering with high momentum transfer would allow a comparison between the muon and electron vertices. But the cross section (J(p.+P~ p.+P) falls off rapidly at high momentum transfers, and muon beams of sufficient intensity are not available at present. § 3. The Muon Gyromagnetic Ratio
We now proceed to a qualitative discussion of some experiments which may be both feasible and interesting.
One of these is the precise measurement of the anomalous muon gyromagnetic ratio g~-2, which became feasible very recently with the advent of parity nonconservation and has not been pushed to the limit yet. We may express our trial muon moment as Since the experimental value of m/}. 7 ) contains an error of 0.053%
.-( -~~-) %, measurements of the moment cannot determine (1 +b) more accurately than about 50%. Thus r,, and dfL cannot be limited to much less than -~~~--1.5 x 10-13 em in this way.
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Experiments desigined to measure g 2 directly by the precession of the muon spin relative to the muon momentum in a strong magnetic field appear to hold more ultimate promise, and several groups are exploring this approach. The relative precession undergone in time t is
where H is the magnetic field in gauss and fJ is measured in radians. If 
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detect two leptons in coincidence.
e-+ P-e-+tt++ tt-+ P
The details are summarized in Table I .* An exhaustive theoretical analysis of (A) and (C) according to conventional QED has been carrried out by Bjorken, Drell, and Frautschi. 81 The theoretical predictions for (B) and (D) are rather trivially related to (A) and (C), because highly relativistic muons behave very much like electrons. (E) and (F) have been crudely estimated by Bjorken and Drell 91 to show that they are feasible. All the remarks made concerning electron pair production by photons would apply equally well to the wide angle bremsstrahlung process e-+-P-e+ P+r.
Experiment (A) is already jn progress. The result to date,12l =0 .96±0.14, shows that de::S1.2 X 10-13 cm. The reader may recall that de was not limited to nuclear distances by any previous experiment.
In connection with these experiments we must demonstrate three things; first, the experiments must be feasible, secondly, the interpretation of the experiments should be independent of assumptions concerning pion and K meson effects,** and finally, the experiments must be sensitive to small distance corrections.
(1) With regard to the feasibility of the experiments, the parameters listed in Table I all lead to counting rates which can be detected at Stanford.lll The angles have been chosen small enough to lead to reasonable counting rates, but large enough to test small distance behavior. The cross sections are very small; for example, the differential cross section for (C) has been accurately computed 8 ) and is ---_!/(')______ 1.5 x 10-35 --G_rn~ --<) dE+dt2. 1 
1~7
-, but the counting rates are comparable to the other experiments because of additional retardation factors and also because the electron flux in (E) and (F) exceeds the flux of high energy photons derived from the electron beam ( Fig. 3) for experiments (A) to (D).
Since the cross sections are so small, it may be instructive to show by a crude calculation that finite counting rates emerge. Experiment (C) is diagramed schematically in Fig. 3 . We estimate the counting rate per hour 11 > as where:
is the differential cross section mentioned above.
Particles emitted within this range of energies and solid angles can pass through the magnets ( Fig. 3 (f) , (g)) and enter the counters ( Fig. 3 (h) ).
(10 10 electrons per burst) x (60 bursts per second) x (3600 seconds per hour) is the electron flux.
is the number of photons produced per radiation length, in the interval ~k about energy k, by one electron in the converter ( Fig. 3 (b) ). Of course, the ratio of true coincidences to chance coincidences from two different events is also relevant to the feasibility of the coincidence experiments. The counting rate for true coincidences is to good approximation independent of L~:r, the resolution time of the coincidence circuit, whereas the number of chance coincidences is proportional to ~""· With the aid of a very fast coincidence circuit 1t appears to be possible to reduce chance coincidences to a reasonable level.ll) (2) A pair production experiment cannot test QED quantitatively unless the theoretical prediction to be compared with experiment is independent of assumptions concerning strong interactions. In each case the experimental kinematics is chosen so as to minimize counts from pion production-decay chains. Thus the incident energy Er in (A) is below the n° production threshold, and enough of the incident energy is accounted for by the detected particles in the coincidence experiments (C)-(F) to exclude most pion decays. We have chosen hydrogen targets to avoid nuclear physics complications.
As an illustration of our treatment of the remaining problem of proton When we have thus related (A) to electron-proton scattering, the only error arising from nucleon structure in our treatment of Figs. 4 (a), (b) is the experimental error in the determination of proton form factors from electron-proton scattering. This error influences our results by less than 296 in all cases. In similar fashion one can keep the error introduced by proton structure to a minimum in the other experiments, even at energies near the pion resonance. Two additional techniques help us achieve this result in coincidence experiments. First, one can minimize the momentum transfer to the proton by detecting two leptons with equal and opposite transverse momenta. Secondly, in (C), (D), and (F) one can detect the newly produced pair at equal energies and angles relative to the incident direction (in (E) one cannot distinguish the initial electron from the pair produced electron). With this symmetrical arrangement it is easy to show that interference terms between diagrams for "one photon" pairs (Figs. 4 (c) , (d) or 6) and "two photon" pairs (Figs. 4 (a), (b) or 5) vanish, for the interference pair traces are at once odd under charge conjugation (as in Furry's theorem for a three photon loop), and even on accunt of the existence of a mirror plane of symmetry between e+ and e-(or p,+ and p.-). Fig. 4 (a) the virtual electron propagator is almost real if the final electron (which goes undetected) emerges parallel to the incident photon. This "almost real" propagator dominates the cross section and is insensitive to small distance corrections. In Fig. 4 (b) the virtual electron propagator is forced a distance (k~-p+) 11 (k-~-p+)v m 2 2kvP1" off the energy shell .. This highly virtual propagator contributes about 20% of the cross section via interference with Fig. 4 (a) . Thus, to test small distance corrections Fe 11 , experiment (A) must be performed with better than 20% accuracy. Note that the form factor at the incoming photon vertex is Fev(k 11 kv) 1, because kvkv= 0 for a free photon. In process (B) the proton receives a large momentum transfer, so both Figs. 4 (a) and (b) are sensitive to the vertex correction ( i: ) (we must divide by Fev because the Hofstadter form factor includes Fev as a factor). Fig. 4 (b) will again be sensitive to propagator corrections F/). 11 , but the anticipated exp~rimental accuracy, ,.._50%, will test only ~:-.
The selection of moderately wide angle pairs in (C) and (D) forces the virtual leptons far off the energy shell in both of Figs. 4 (a) and (b) . In order to minimize proton structure effects and increase the counting rate, momentum transfer to the proton is kept as small as possible. As 
Conclusion
In conclusion, the feasible experiments are summarized in Table I with representative experimental parameters. These experiments constitute a comprehensive program that will either verify QED for electron, muon, and photon "sizes" <;0.3 x 10-13 cm, or define the limits of its applica~ility.
